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ABSTRACT

A system wherein multiple engines exhaust into a common exhaust is ana -
lyzed on both a steady-state performance and transient response basis. A
failure analysis of the system is also included.

Engine to engine variations have been considered together with the effects
of externally induced mismatches.

It is concluded that maximum power is obtained by rating the engines on a
TS5 basis and trimming the exhaust area upon installation.

It is shown that the greater the number of engines combined in a common
exhaust, the lower the average performance compared to separately ducted
engines; however, the averaging effect of the number of engines and the
trim method recommended keeps the minimum system performance above
that which would be calculated from single-engine guarantee performance,.

A fundamental problem in the common engine system is that of accelera-
tion delay or hangup resulting in deceleration during transient conditions.
This problem can be eliminated in the two-engine system by using a high
idle speed and can be prevented in the four-engine system by a combination
of high idle speed and a simple gas generator coordination control.

If accessory power is to be extracted this must be extracted equally from
all engines.

Although the characteristics of the T64 engine and the hot gas cycle rotor
were used, the results are believed to be applicable to a wide range of en-
gine and aircraft configurations, including the lift fan and cruise fan.
Howcever, the simplicity of control of the two-engine system probably makes
this system more attractive than the four-engine system.
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SUMMARY

The analysis of a multi-engined common exhaust system was performed in
compliance with Contract DA 44-177-AMC-274(T).

The object of the program was to analyze multiple engines exhausting into
a common exhaust on both a steady-state performance and transient res-
ponse basis with both engine-to-engine variations and externally induced
mismatches.

To accomplish this, two extensive computer programs were constructed,
one for transients and one for steady-state performance. Although the
characteristics of the T64 engine and hot cycle rotor were used, the re-
sults are believed to be applicable to a wide range of engine and aircraft
configurations.

To analyze throttle and load bursts and chops and engine failures, the
DYNASAR digital transient program was used. This simulated four en-
gines and their controls, the common ducting and rotor system, engine
coordination controls when required, rotor speed control, and diverter
valve and tip nozzle systems.

This program was used to evaluate the effect of the many different varia-
bles which influence transient response. From this analysis it was con-
cluded that in order to prevent engine hang-up and roll-back in a two-
engine system, an idle speed higher than normally used is required. In
the four-engine system an engine speed coordination scheme, in addition
to a high idle speed, is required to prevent hang-up on attempted rapid
accelerations. A relatively simple speed coordination scheme for the
four-engine system is proposed.

In order to ascertain the performance level of common exhaust systems
including effects of engine-to-engine variation and deterioration of engines,
a digital computer program using a random analysis technique was set up
which is capable of analyzing from one to six engines combined with a
common exhaust with several trimming schemes automatically. This pro-
gram was used to obtain the steady-state performance under various rating
and trim methods. It was concluded that the maximum performance is
obtained by rating engines individually on exhaust temperature (T5), and,
on installation in the aircraft, trimming the tip nozzle area (A8) to com-
pensate for interreaction effects and to minimize the effects of deteriora-
tion. With this rating and trimming scheme, performance of common
exhaust systems is very satisfactory.

The failure analysis demonstrated that the diverter valves and tip nozzles
must be prime reliable and that initiation and sequence of operation must
be automatic, to eliminate flow reversal in the failed engine.

. R Y — i - - -




CONCLUSIONS

RATING AND TRIMMING METHOD

Of the three rating and trimming methods analyzed, maximum power was
obtained by the following method: (a) rating the engines on a T5 basis with
an exhaust area which represents the average effective area they will see
in the installation, (b) setting engine control topping speed to rated T5 on
preshipment checkout with a fixed nozzle representing this area, and

(c) trimming A8 open on initia!l installation of engines in the aircraft to
bring TS5 on the poorest engine (it will run over-temperature due to the
higher back pressure from the better engines) down to rated T5 with the
engines at their pre-set topping speed.

MAXIMUM PERFORMANCE AVAILABLE

The more the number of engines combined in a common exhaust, the lower
the average perfornmance compared to separately ducted engines. A two-
engine system has aporoximately 1.2 percent less average power and a
four-engine system has approximately 2 percent less average power in-
cluding the benefit from A8 trimming.

However, the averaging effect on multiple-engine aircraft and the averag-
ing effect of the trim method, above, keep minimum aircraft propulsion
system performance approximately 1 percent above single-engine guarantee
performance.

In a common exhaust system comprising four average engines, if one en-
gine deteriorates the «Ifect on overall system power is approximately the
same as if all engines had deteriorated the same amount. However, in a
random group of engines, deterioration of an engine will not affect the
power of the system until the performance of that engine falls below the
minimum engine in the group.

Thus the power of the system is determined by the performance of the
minimum engine.

ACCELERATION HANG-UP

Engine hang-up (acceleration delay) and roll-back (deceleration due to high
back pressure) are fundamental problems in a four or more engine com-
mon exhaust system. The primary cause is initial idle speed mismatch.
One engine, in any random group of four engines, would be expected to
hang-up on attempted rapid acceleration from the idle speed normally
used on the T64 engine (~3 percent of maximum power). By use of slow
rates of rotor loading (3.0 seconds from 0 to maximum), acceleration

can be accomplished without hang-up.

By using a gas generator idle speed which produces approximately 10 per-
cent of maximum power, no hang-ups would be expected in a two-engine

2
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system from the speed mismatch of up to 7 percent even when fast rates
of rotor loading are used (1.0 second from 0 to maximum). The gas gen-
erator idle speed corresponding to this power is about 87 percent.

By use of this high idle speed and a simple gas generator coordination
control, hang-ups can be eliminated completely in the four-engine system.

The use of a variable tip nozzle area, A8, improves the tnlerance to mis-
match, but the duration of the accelerations is approximately twice that
for the Ng coordinator. Also,the system would be mechanically compli-
cated and would still have the psvchological problem of mismatched speeds
during acceleration.

STEADY-STATE TEMPERATURE CONTROL

There is no requirement for a steady-~state T5 control.

ROTOR SPEED CONTROL

Although a hot cycle rotor system is inherently more stable than a geared
rotor system, load compensation of the form normally used on a geared
rotor system is required in order to obtain a steady-state error of less
than 5 percent Nr while maintaining stability.

POWER EXTRACTION

If accessory power can not be taken from the rotor, the best method would
be balanced loading of engine accessory pads. Unequal accessory loading
or customer bleed between engines must be avoided because of the result-
ing accelecration mismatch and the high performance penalty incurred
(four times the power loss for matched extraction).

FAILURE ANALYSIS

Following an engine failure, the failed engine decelerates very rapidly and
may cause flow reversal in the failed engine. Failure of the tip nozzles
closed or open causes a large increase in temperature or a large reduc-
tion in power, respectively.

OPERATION WITH A CRUISE FAN

Since cruise fans can be designed to have partial arc admission and do not
normally require speed control, their operation should not be affected by
use in conjunction with a common exhaust system.
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STARTING AND SHUTDOWN

Starting and shutdown would of course be in the diverted mode. It is
necessary for the pilot to match speeds only within a 10 percent band before
switching from diverted to common exhaust operation. In the two-engine
installation with the high idle speed, the second engine can be switched
over to common exhaust at any speed above idle.

APPLICABILITY TO T65 GROWTH ENGINES

The T64 S4A and S5 growth engines are expected to have a larger gas gen-
erator speed range from 10 percent power to full power. This will in-
crease acceleration hang-up potential. However, they also will have
increased acceleration margin due to lower compressor operating line.
The net result is that the conclusions arrived at with the present T64 will
be applicable to growth versions.



RECOMMENDA TIONS

TWO ENGINE SYSTEM

In the two-engine system, it is recommended that the features outlined
below be utilized.

Rating

The engines should be rated individually on a T5 basis and the nozzle area
of the propulsive device trimmed, rather than engine speed, to obtain
maximum power on initial installation, Provision should be made for ad-
justing A8 from -2 to +5 percent in effective area.

For some operations, where guarantee power is adequate, it is recom-
mended that the EPR rating method be considered since it eliminates the
need for A8 trimming and guaranteed power is constant during engine l.fe.
However, average initial performance would be 3 percent lower,

Hang-Up

A high idle speed with no coordinating control should be used to prevent
hang-up or roll-back. With the T64 engine the high idle speed is 87 percent
Ng on a standard day. At other T2's the same speed differential from
maximum should be maintained. This function can be achieved by profiling
the engine fuel control cam accordingly.

Rotor Speed Control

Collective pitch feedback to engine control should be provided.

Power Extractions

If it is not possible to extract power from the rotor, it is recommended
that balanced power be taken from the accessory gearboxes. If gas power
is bled from the common exhaust, it must be continuous or a very small
quantity if intermittent. If compressor discharge bleed is used, it must
be drawn equally from the engines.

Failure Analysis

In order to avoid blow-back following an engine failure, it is necessary to
make the initiation of diverter vaive operation automatic. This can best
be done by use of differential engine speed signal.



In order to remove the possibility of large overtemperatures or large
losses of power, the diverter valve and tip nozzle systems should be de-
signed for maximum possible reliability.

FOUR-ENGINE SYSTEM

All of the recommendations for the two-engine system, above, apply with
the following addition:

An Ng coordinating control should be incorporated to avoid acceleration
hang-up. This coordinating control should he in the form of a speed com-
paring amplifier acting on the fuel control to reduce fuel flow to any en-
gine which leads the slowest engine by more than 3 percent. A system

specification for such a speed coordinating control scheme is included
herein.,



INTRODUCTION

Gas generators exhausting into a common plenum do not operate inde-
pendently because of the cross communication of exhaust pressure between
engines and the requirement that the exhaust gas from individual engines
must exit through a common area. The transient characteristics and
steady-state minimum power capability of the system will be affected,

in general, adversely.

The basic steady-state problem in the common exhaust systeia is one of
achieving the maximum power from the system while ensuring that all the
engines are within the limits of speed and temperature. At part power
there is no steady state matching problem, since all engines will be at
reduced temperature and speed.

As an example, consider four perfectly matched engines operating at the
same speed and at maximum temperature. Assume that in one case they
are in a common duct and that in another they are separately ducted. As-
sume also that there is a deterioration of components in one, such that
this engine increases temperature,

In the separately ducted system, the pilot reduces the temperature on the
poor engine by reducing the speed on that engine. The system power loss
is, therefore, equal to the power loss on the one engine.

In the common exhaust system, the poor engine also goes overtemperature
and the exhaust pressure must be reduced. Reducing speed on the poor
engine will be shown to be insufficient; consequently, the speed of the

three good engines has to be reduced until the temperature of the poor en-
gine is brought within limits. The system power loss is the sum of the
deterioration loss and the loss due to reducing the speed of the good en-
gines and is, therefore, approximately four times as great as the separate-
ly ducted system. By use of a suitable trim method, this power loss can
be reduced.

A digital computer program was developed which, by means of the Monte-
Carlo Analysis technique, established the performance of the system in
terms of average powers and power spread. This program is utilized in
the selection of the rating and trim methods to be used in common exhaust
systems.

In order to obtain the transient performance of the system, a digital com-
puter program was established. This program, the Dynamic System Ana -
lyzer (DYNASAR), utilizes analog computer techniques to simulate the
system.

One of the primary difficulties with the common exhaust system is the in-
terdependency of engines during acceleration. As explained above, the
exhaust conditions from one engine affect the performance of the other
engines in the system. As an example of this effect during acceleration,
consider a four-engine system with one of the engines at a lower idle



speed than the others. This low engine is running at a higher operating
line than the others since it is sensing a higher back pressure. As the
ganged throttles are increased, all engines move on to the acceleration
schedule.

The fast engines sense a slightly lower back pressure and hence accelerate
at an increasingly faster rate compared with the slow engine. When the
speed differential between the fast and slow engines is sufficiently large,
the slow engine ceases to accelerate and in fact may roll back.

This results in the system's running at a much reduced power, and ob-
viously this can not be tolerated.

The initial transient performance runs were, therefore, made with the aim
of developing a method by which the system could accelerate from a rea-
sonable mismatch without hang-up or roll-back.

In order to obtain a complete simulation of an aircraft system, a hot gas
rotor system was incorporated into the DYNASAR program. The system
used was similar to that used in the Hughes Tool Company XV-9A Hot
Cycle Research Aircraft at present flying with a two-engine common ex-
haust system.

The effect of the rotor system upon the performance was obtained together
with the rotor stability and governing requirements.

Typical diverter valve dynamics were built into the system, and the effect
of the operation of these after engine failure was obtained. A failure anal-
ysis of the complete system was conducted.
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STEADY-STATE PERFORMANCE

INTRODUCTION

A multiple gas generator common exhaust system, such as the hot gas
cycle rotor, responds differently to engine performance differences than
does a separately ducted engine installation. This section illustrates the
reactions to performance differences and explains a feasible rating sys-
tem and operating procedures to obtain maximum performance.

Two unique characteristics of the comimon exhaust system have an effect
upon the system's performance. These are: (a) the requirement for
static pressure balance at the mixing plane and (b) the sharing of mis-
matched exhaust conditions, e.g., T5, W5, by the other engines in the
systems.,

These two characteristics are unique to the common exhaust and not to the
power utilizing device, which may be any of the following: jet nozzle, hot
cycle rotor, cruise fan, lift fan, power turbine, etc. It is possible to

alter the interrelationship of engines in a common exhaust by the use of

an independently variable exhaust geometry or variable cross bleed. These
systems detract from the simplicity and weight saving of the common ex-
haust to the point that they were not further considered.

In addition to the above characteristics, there are the two fundamental con-
siderations of flow continuity and turbine energy balance, which must be
regarded as the framework for understanding the common exhaust system
response,

Continuity applies both to the individual gas generators, to the common
ducting and to the exhaust nozzle, whereas energy considerations relate
only to the individual gas generators,

Gas generator continuity is readily visualized by considering an increase
in temperature at constant speed and constant turbine inlet flow function

E}/,—_l . The resulting increase in pressure to maintain continuity is

approximately proportional to the square root of the temperature

Gas generator energy depends upon flow, temperature, pressure, and
efficiency, and if the match of a number of common exhaust engines is
disturbed, causing the available power to be reduced, some actior. must
be taken to rectify the mismatch.

The effects of the corrective actions differ and must be considered together
with nozzle continuity and exhaust pressure equality. The following de-
scription of the effects of mismatch and the subsequent action should give

a good understanding of the problem.
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Given: Four average engines running at maximum T5 on topping at equal
speed, with isochronous governing.

Consider that upon installation in a common exhaust system one engine is
poor and, therefore, reaches maximum temperature at lower than average
exhaust pressure.

The temperature of this engine will increase such that its pressures match
those of the good engines.

The combination of the restored pressure and increased temperature satis-
fies the gas generator energy and continuity requirement of the poor en-
gine, but it means that continuity is not satisfied in the exhaust nozzle
since the high temperature of the poor engine increases the average tem-
perature in the exhaust. The exhaust pressure must, therefore, rise
above its original level to offset the rise in average temperature, and this
rise causes all the engines to go slightly overtemperature.

Thus the system stabilizes with the pressure slightly increased and with
the temperature substantially increased on the poor engine and slightly
increased on the good engines.

It should be pointed out, at this point, that the increase in temperature on
the poor engine is less in the common exhaust system than would have oc-
curred in a separately ducted system at the same airflow, due to the
sharing action in the common exhaust duct. For example, one point in
turbine efficiency on one engine causes a 32° increase in temperature in
the four-engine common exhaust system and a 40° increase for one sep-
arated engine,

Corrective action can now be taken, and two alternatives are available:

(a) the speed can be reduced on all, several, or one of the engines or

(L) the speed can be maintained and the nozzle area increased. The effects
of these methods are considered separately.

(a) Reduce speed on all engines until the temperature is within limits.
This reduces the exhaust pressure and hence exhaust temperature on
all engines equally, and the temperature differential between the good
engines and the poor will be about the same. Topping is then set down
to correspond to the new gas generator speed such that the poor engine
is at the maximum allowable temperature and the good engines are at
a lower temperature.

Reduce speed on the good engines only. This has the same effect as
the previous method by reducing the mass flow. This results in a
reduction of pressure in order to maintain nozzle continuity.

Reduce speed on poor engine. The reduction in speed must be far
greater than in the previous case in order to reduce the mass flow
sufficiently to effect the reduction in exhaust pressure. This reduc-
tion in speed, however, further increases the pressure mismatch at
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the mixing plane. For large decreases in performance or for systems
with more than four engines, no solution is reached.

(b) Open exhaust nozzle area. As explained above\,__{.p_e increased temper-
ture from one engine causes an increase in W which, for a fixed
P ’

nozzle area, must be reduced by a further increase in pressure. By
opening the exhaust nozzle area, the increased flow can be tolerated;
by further increase of the nozzle area, the pressure and, hence, tem-
peratures are reduced to maintain continuity. In this manner, the
temperature is brought within limits.

It should be noted that since there has been no reduction in speed, the

mass flow has remained the same and, hence, the power reduction
with A8 trim is less than in the case of reducing speed.

ANALYSIS (Performance Maps)

An analytical method was developed for estimating the performance of a
multi-engine system having one or all engines with a 1.5 percent reduction
in turbine efficiency.

This method uses performance maps derived from the Average T64 Engine
Deck and shown in Figures 1 through 6 as functions of the nozzle relative
flow coefficient., The manner in which the curves are used is described
below:

Given: Three identical average T64 gas generators (Figures 1 through 3)
and one low performance T64 gas generator (Figures 4 through 6)
(nt nominal) X (.985), rotor speed 100 percent,rating method T5HM,
A8 trim.

All four engines are to be run at the same speed; and since T3M on the
poor engine is to be maximum, the static pressure at the mixing plane
PS5 can be read from Figure 5. This map also gives the value of T4 and
nozzle relative flow coefficient, which gives the total pressure in the ex-
haust and also the nozzle flow coefficient,

It is now necessary to match the remaining engines to the performance of
the poor engine. Two conditions, static pressure PS5 and speed Ng, are__
known for three engines, and from these conditions the flow function W~NT
and total pressure can be found from Figures 2 and 3.

Up to this point, the procedure is independent of the power utilizing means.
The following procedure is applicable to any hot gas rotor system; speci-
fically, however, curves supplied by the Hughes Tool Company are used

to obtain the system performance.

The flow and total pressure are now averaged at the mixing plane. From

Figure 7 the flow function for the nominal tip area is obtained, and when
this is compared with the flow function above, the effective area ratio at
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the ti> can be obtained from Figure 9. The available rotor horsepower for
the nominal flow function is read from Figure 8, and this is combined with
the power ratio from Figure 9.

A summary of the results for the various trim methods is given in Table I.
This table shows the effect of the 1.5 percent deterioration in turbine effi-
ciency. The loss in power is shown as a percentage of the power of four
matched average engines. The nozzle flow ratio is a measure of the in-
crease in flow obtained by trimming AS8.

TABLE 1
SUMMARY OF RESULTS

Nozzle
Flow AHP~%
T5°R T4°R % Ng PT5 Ratio HP Nom

4 Matched
Average Engines 1611 2225 104.15 41.98 1.0 0
Separately Ducted 3 Avg 1611 2225 104.15 41.98 1.0 -1.57
T5M, Trim Ng 1 Low 1611 2214 102.25 40.53

3 Avg 1576 2182 102.7 40.54 1.0 -6.14

TSM, Trim Ng 0w 1611 2228 102.7 40.57

3 Avg 1578 2193 104.15 40.74 1.021 -3.7
1 Low 1611 2228 104.15 40.79

3 Avg 1618 2234 104.15 42.26 1.0 +1.1
1 Low 1653 2271 104.15 42,32

TS5M Trim Ng 4 Tow 1611 2214 102.25 40.53 1.0 -6.3
T5M Trim A8 4 Low 1611 2228 104.15 40.79 1.027 -3.5

T5M, Trim A8

No Trim Method

DISCUSSION OF RESULTS

In a common exhaust system, if one engine deteriorates, the effect on the
overall system power is approximately the same as if all engines had
deteriorated this same amount.

Using nozzle area trim reduces the power loss by 40 percent.

The effect of the 1.5 percent turbine efficiency decrease is about 1.8 times
the effect of the deterioration allowed in the Monte Carlo analysis (0.5 per-

cent nt, 0.5 percent nc, 0.5 percent W) and the results can not, therefore,
be compared directly.

This method gives a rapid means of matching engines with an assumed de-
terioration. However, it can not be used to determine average or extreme
expected performance in a common exhaust system. To determine this, a
Monte Carlo analysis was set up as described in the next section.
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MONTE CARLO ANALYSIS

General

In order to ailow for engine-to-engine variation, a computer program was
established. This program took the data from 29 production engines,
component variation, etc., and from this deduced component variations

(in compressor flow, efficiency, turbine efficiency, and T5 measurement),
which were then used to construct 200 random engines. These engines
were then formed into multi-engine systems, and the performance of these
systems was analyzed and compared.

Method of Analysis

The steady-state maximum power output of the multi-engine system is
investigated in detail employing the Monte Carlo analysis technique. In

this technique, random components are computer assembled to give random
engines which are then operated under various trim methods. Repetition

of the calculation many times provides an estimate of the expected average
and spread of system power level and engine parameters.

In Appendix I to this report is a copy of the program used for this analysis.

Production engine test data are available showing the spread in power,
fuel flow (SFC), and speed under the production trim procedure, which is
NG trim to constant TSM, for single engines. Component variation must
be reduced from the overall performance variation since the multi-engine
system will employ only the gas generator, and a knowledge of internal
parameters (P5, W5, T5) is needed to determine performance in multiple
arrangement.

The variations used in this analysis are:

Compressor flow, o W2 = 1,0%

Compressor efficiency, o no = 0.40%

Correlation of compressor flow and efficiency, sz’ﬂ = 0,394
c

Slope of correlation line Bwqg no = 0.917

Turbine efficiency,oc nt = 0.33%
Measured T5 correlation, ¢ AT5 = 0.6% =9.7°

A random engine is found by first selecting a random number aud obtaining
the component deviation from normal.

For this program, a subroutine was used for generating random numbers
from 0 to 1 in rectangular distribution. A normally distributed standar-
dized variable (Z) was then found by reading from the normal cumulative
distribution function,as shown in the sketch on page 14, and the normal
variate was translated into the component deviation from nominal. For
example,

AW, = Avg AW, +(Z) (eW,)
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Random
Number

\4

Z

The effects of geometry variations (A4) and cooling and leakage flow varia-
tions were small enough to be ignored.

This process is repeated to obtain the deviations of the effective compo-
nents and the influence of the component variations found by applying deri-
vatives at constant speed. All derivatives were obtained from the Average
T64 Engine Deck about the following base point.

T5 = 1611°R NG = 104.14%
T4 = 227°R T5M = 1611°R
W5 = 26.67 lb/sec T4M = 2227°R
P5 = 41,95 psia
The constant speed derivatives used are of the form
cX . X Yo - JoChange in x
y 9y |Ng Zg % Change in y
Those used in the analysis are given below.
T5 _ T4 _ W5 _ P5 _
CW2 =0.70, sz = 0.67 , sz =0.89 , sz =1,21,
TS _ _ T4 _ _ W5 _ P5 -
Cnc_ 1.37,Cnc- 1.29,Cnc-0.03,Cnc--0.66,
P5 _ T4 _ _ W5 _ P5 _
Cnt = -1,94, Cnt = -1.42 , Cnt =0.03, C77t = ~0.96

The performance of each engine is found in terms of percent deviation from
the base point, Thus, component variations are applied at constant speed;
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for example,

5
t

TS5

W2 Ant + ATS .

ATSM_ = C Aw2+c;f

If this procedure is repeated N times, we get a random sample of N
engines and can find the average and variance of any parameter in the
engine (T5, T5M, Ng, HP, etc.). If N is sufficiently large, this average
and variance are accurate estimates of the population mean and variance.

For the multi-engine system, the engines obtained above are selected at
random and combined. Each engine is adjusted in performance to achieve
the required match, with the trim method being considered by the use of
further derivatives. Movement along the operating line due to speed
changes is found by the use of operating line derivatives,

gT5 _ 9T5 .Ngo g,
Ng ONg |[geom Tg, %

T4 W5 P5
RNg ’ RNg » RNg ’
all of which are variable and are read from curves as a function of speed.
Figure 10 shows these derivatives.

The adiustment in operating line level at constant speed is also accom-
plished by derivatives, and P5 is used as the independent variable. The
three derivatives,

TS5 T4 W5
Rps» Rps» Rps o
are all plotted as functions of P5 as shown in Figure 11. Movement in
speed along the operating line or change in exhaust pressure to match re-
quirement is then found as

TS
P5

TS

AT5M = ATSMC + (R )APS + (RNg) ANg

As in the case of the compilation of random engines, the above process is
repeated and we obtain a sample of M systems from which we can find
the average and variance of any parameter.

Power output of the multiple-engine system is calculated as gas horse-
power from Station 7 using flow weighted average T7 and P7:

HPgas = W7(H7- HSQi) .

Rotor horsepower and area at the rotor tip are found from the rotor per-
formance curves shown in Figures 8 and 9. Rotor speed was fixed at
100 percent,
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It can be seen that various results can be extracted from the above analy-
sis; summarily these are:

1. Average power level for a separated exhaust svstem.

2. The minimum (guaranteed) and average performance of common ex-
haust systems as initially installed.

3. The minimum and average performance of the common exhaust sys-
tems prior to overhaul.

4. The results can be obtaired for any trim method.

In obtaining the minimum and average performance prior to overhaul,
engine performance was assumed to have deteriorated by 0.5 percent com-
pressor efficiency, 0.5 percent turbine efficiency, and 0.5 percent mass
flow.

The Monte Carlo technique can be classified as a brute-force method,
since it relies on digital computer capabilities to ''play the game' a suffi-
cient number of times to give an accurate average and spread of perform-
ance for the common exhaust systems.

In this case, distributions of component performance were assumed to be
symmetrical and uniform (actually normal), so the need for Monte Carlo
analysis did not stem from odd distributions.

The problem of the multi-engine system is that the extreme engine of the
group determines the performance of the remaining engines and all must
match certain requirements (static pressure match and exhaust through
a fixed area). An analytical approach, as opposed to the Monte Carlo
method, would have been at best extrem~ly complex with numerous as-
sumptions and at worst not practical at all.

The Monte Carlo approach has yielded averages and variances which fit

physical understanding and has allowed the investigation of many facets
such as deteriorated engines and numerous trim methods.

TRIM METHODS

General

The maximum power produced by a multi-engine system will differ from
the sum of separate engines because of the effects of cross communication
at gas generator discharge. Thus, a high P5 engine will tend to back-
pressure the remaining engines, producing overtemperature which must
be relieved by the trim procedure.

The average power of N engines in a multi-engine system and the spread
from system to system are of interest. Separate engines producing an
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average power level, uy, and a spread, o, , would be expected to give in
groups of N, an average power of

Be =H

and have a spread in percent power of

In multi-engine systems, the average and spread will differ from these
values both because of the cross communication and because of the maxi-
mum power trim procedure employed. Three basic trim methods were
investigated.

Trim NG to Maximum T5M

Throttles of all engines are advanced together until one engine indicates
the maximum T5M. Topping would be set on each engine to hold this
speed. The common exhaust area at the rotor tip (A8) is held constant.
If translated to one engine, this method is precisely that used for present
T64 production engines.

The method is simple for pilot and ground crew since topping is the only
trim and all engines move together if any adjustment is made. For the
method to be acceptable, the topping schedule versus T2 must be well
established in order to prevent frequent retrim. We assume that the
effect of multi-engine matching can be included and also that the relative
position of engines will not change with T2 . If such changes occur, then
reset of topping would be required.

A variation of this system has been included which assumes that T4 is

the measured and displayed temperature so that trim is performed to a
maximum T4M . It was found early in the analysis that this method of-
fered no advantages over the T5 measured method, and in view of the com-
plexity of measuring T4, the method was not pursued.

Trim A8 to Maximum T5HM

The topping schedules of all engines are set to give the same speed. All
throttles are advanced to topping, and the common exhaust area at the
rotor tip is trimmed until one engine indicates the maximum T5M.

The method is simple for the pilot, but ground crew must trim A8. The
mechanical complexity of an area trim is introduced, although this could
be as simple as tabs bolted in place.

EPR Operation

The common exhaust at rotor tip is set and fixed at a predetermined area.
Throttles are ganged on all engines and are advanced until a specified
value of 17
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PT7 _ PT7

PT2 = PO static

EPR

is attained. The exhaust area must be correctly sized so that no engines
are over maximum limits on speed or temperature.

The method is simple for the ground crew in that no trimming of engine
or area is required. Topping would be set slightly above that speed at
which engines meet EPR. 'However, the EPR value set by the pilot varies
with T2 and the pilot must consult tables or graphs for each power setting.
This complexity for the pilot might not be tolerated in a tactical mission.

The engine control could be designed to hold EPR versus T2 automatically,
but preseat controls do not have this capability.

RESULTS FROM MONTE CARLO ANALYSIS

Table II gives the results of the steady-state analysis using the Monte
Carlo technique and the trim methods described above.

DISCUSSION OF RESULTS

Summary Data

The four-engine system results are shown in Table II and compared with
single-engine operation. This table illustrates the significant features of
each multiple-engine system and how it differs from single-engine opera-
tion.

Table II includes data on the two-engine system and for each system shows
the magnitude of the individual effects which establish minimum power
level,
Note that the maximum or minimum value shown is obtained by

Average t 20
where ¢ is the best estimate from a random sample of 200 engines.
This arbitrary definition of extreme levels allows consistent comparison
in all cases but may not mean exactly the same thing for all parameters
and all cases since all distributions will not be the same shape. Differ-

ences of this nature should not be serious.

NG Trim, T5M = 1611°R (Table II (B) )
max

The present single-engine T€4 is shipped and opcrated to NG trim, The
three significant features of single engines versus the multiple-engine

system are indicated in Table II and listed on page 21.
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SUMMARY OF RESULTS FROM MONTE CARLO ANALYSIS

TABLE II

HP in % of Average Power in A

& TS5M T5M NG
Narilb er Multi-Engine Operational : : T5max 19 avg max avg
of Effect Spread Deterioration . °R
Engines p °R R %
Reduction in Max. Variation Variation in
Average Power Average Due to
Due to Multi- Deterioration
Engine Effect
Minimum Initial Minimum Overhaul
Format Power Power
A) NG Trim to TSMpax — Separate Engines
1 0 5. 44 -3.5 1630 1611 1611
-5.44 -8.94
2 0 +3.84 -3.5 1630 1611 1611
-3.84 -7.34
4 0 +2.72 -3.5
-2.72 -6.22 1630 1611 1611
B) NG Trim to TSMppax = 1611°R
1 0 5. 44 -3.5 1630 1611
-5.44 -8.94 1611
2 -1.75 +4. 34 -3.5 1626 1611
-6.09 -9.59 1602
4 -2.90 £3.80 -3.50 1620 1611
-6.70 -10.20 1596
C) A8 Trim to TSM 54 = 1611°R
1 o - +3.96 -2.53 1630 1611
-3.96 -6.49 1611 104.14
2 -1.18 +3.20 -2.54 1626 1611
-4,38 -6.92 1601 104.14
4 -1.92 +2.63 -2.55 1620 1611
-4.55 -7.10 1595 104.14
D) EPRI TSmax = 1620°R
1 -1.75 -2.92 1630 1639
-4,67 1609 103.34
2 -1.62 -2.92 1626 1635
-4.54 1605 103.17
4 -2.10 -2.92 1620 1629
-5.02 1599 103.88
E) EPR2 T5Mmax = 1611°R
1 -5.54 -2.92 1602 1611
-8.46 1581 103.34
2 -4.90 -2.92 1602 1611
-7.82 1581 103.70
4 -4.55 -2.92 1602 1611
-7.417 1581 103.88
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TABLE II
SUMMARY OF RESULTS FROM MONTE CARLO ANALYSIS

HP in % of Average Power in A

% 5 & T5M THM NG NG
¥ Multi-Engine Operational Deterioration Tomax T avg M ax avg max
s Effect Spread °R °R °R 7, A
Reduction in Max. Variation Variation in
Average Power Average Due to
Due to Multi- Deterioration
Engine Effect
¢ Minimum Initial Minimum Overhaul
Power Power
+ Trim to TSMy,5x — Separate Engines
0 +5. 44 -3.5 1630 1611 1611 105.8
-5.44 -8.94
0 +3.84 -3.5 16390 1611 1611
-3.84 -7.34
0 +2.72 -3.5
-2.72 -6.22 1630 1611 1611
« Trim to TSM ,5x = 1611°R
0 +5.44 -3.5 1630 1611 105.8
-5.44 -8.94 1611
-1.75 +4. 34 -3.5 1626 1611 105.0
-6.09 -9.59 1602
-2.90 +3.80 -3.50 1620 1611 104.6
-6.70 -10.20 1596
Trim to T5Mp, 54 = 1611°R
o - +3.96 -2.53 1630 1611 104.54
-3.96 -6.49 1611 104.14
-1.18 +3.20 -2.54 1626 1611 104,54
-4,38 -6.92 1601 104.14
-1.92 +2.63 -2.55 1620 1611 104.54
-4.55 -7.10 1595 104,14
Rl Tsmax = 1620°R
-1.75 -2.92 1630 1639 104.54
-4.67 1609 103. 34
-1.62 -2.92 1626 1635 104.54
-4,54 1605 103.17
-2.10 -2.92 1620 1629 104.54
-5.02 1599 103.88
— o
R2 T5Mmax = 1611°R
-5.54 -2.92 1602 1611 104.54
-8.46 1581 103. 34
-4,90 -2.92 1602 1611 104,54
-7.82 1581 103.70
-4.55 -2.92 1602 1611 104. 54
-7.47 1581 103.88
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1. The average power, speed, and temperature of the multiple engine
are reduced relative to the single engine.

2. The spread in speed is reduced, the spread in temperature is in-
creased, and the spread in power is reduced.

3. The effect of deterioration equally on all engines is the same for
single or multiple engines.

The reduction in average parameter levels is reasonable since the ganged
throttles (all engines) are reducing speed on all engines to prevent the
hottest engine from exceeding TSM 5.

The reduction in speed spread results from the cross communication of
engincs in the multiple system. An engine which would tend to be high in
speed at TSM has good components and in the multiple system is back
pressured by the poor component engine, causing the good engine to
reach TOM at a lower speed. The speed spread reduction is very signi-
ficant: from 201 = 1,66 to 204 = 1,06 percent.

The true temperature spread on single engines is due (in this analysis)
only to the measuring error (T5M - T5). In multiple-engine systems,
this effect is joined by a variation in T5M engine-to-engine, since the

method holds only the highest temperature engine at T5M.

The interesting temperature feature is tnat the maximum true tempera-
ture (T5y,ax) is lower for the multiple system than for single engines.
Thus, when operated to the same measured temperature (T5M), the mul-
tiple system is not using its design capability. An increase in TSy g% to
match the single-engine value would require a higher T5My,ax, Which
means a higher qualification temperature., Thus we see that, inherently,
the qualification temperature should be set higher for multiple-engine
systems than for the single-engine case. The practical considerations of
qualifying on single engines, or enforcing a lower allowable temperature
for single engines, and the education of the user, could be formidable.

Additional advantage for the multiple system can be gained by sizing such
as to operate at NGpax equal to the single-engine case. The speed in-
crease if this were done is about 1 percent. This gives about 1.9 percent
in power, which would increase the minimum power of new engines in the
four-engine system from 3044 to about 3100; this is above the minimum

power for single engines.

Note that a method for deducing the required overhaul point could be
devised from the amount of NG decrease for a given system. A record of
NG at maximum power would be required for each system,

A8 Trim, T5Mmay = 1611°R (Table II (C) )

The multiple system trimmed by A8 shows similar features to the NG trim
results. However, in this case the speed spread is further reduced,
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actually existing only by the assumption that all engines would not be
trimmed to exactly the same speed.

By maintaining speed and temperature, the A8 trim method achieves a
significantly higher power level than the NG trim method.

Again, the T5max is not as high as for the single-engine case, and so
there is temperature capacity which is not being used.

Similarly, the NGmpax capability is not being used and could give even
higher power level.

The unused T5 and NG capacity relative to the single-engine system is
the same for the A8 trim method as shown for the NG trim, so the com-
parison between (B) and (C) of Table II is valid.

Note that a method for deducing the required overhaul point could be de-

vised from the amount that A8 has been opened for a given system. A
record would have to be kept with each aircraft.

EPR Operation (Table II (D) and (E) )

The EPR system allows operation to a specific power level throughout
engine life. Deterioration appears in temperature and speed changes
rather than power changes as in the two systems previously considered.
Since an engine will be removed when it indicates overtemperature or
overspeed on the attempt to set power (EPR), the deterioration allowance
must be built in as speed and temperature margin.

For the deterioraticn considered (-0.5 percent in W2, nc, andnt), both
NG and TS are seen to increase during the period between overhauls. At
the end of the overhaul period, only the system with the worst engine will
indicate an overtemperature, and many systems could be operated signi-
ficantly longer. No records would be needed for overhaul conditional on
performance.

Power level is set under the EPR system so that the spread in true tem-
perature (T5) is the smallest for any of the systems. However, spread
in measured temperature (T5M) is largest since the measurement inac-
curacy is added to the true temperature spread. It is interesting that the
temperature spread and required deterioration allowance in temperature
and speed do not change with the number of engines in the system. One
engine or four show the same values. Only the spread in speed changes
from about 1.2 percent for single engines to 0.7 percent for the four-
engine system.

Table II (D) shows results for EPR operation to the same maximum true
temperature and speed as occurred for the NG and A8 trim four-engine
systems (T5max = 1620°R and NGmax = 104.54 percent). Thus, (B), (C)
and (D) of Table II can be compared on the basis of engine capability.
Recall again that none of Table II (B), (C) and (D) utilize the capacity
represented by single-engine operation,
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On an equal capability basis, the EPR system is very comparable to the
A8 trim system (Table II (D) versus (C) ), the minimum power output
being somewhat less for new engines but considerably higher for engines
after deterioration.

However, if the EPR system is forced to operate to the same maximum
measured temperature (T5Mpmax = 1611°R) as the NG and A8 systems,
then power decreases significantly and is slightly below the A8 minimum
power after deterioration.

We note also that with EPR operation, minimum and average power are
essentially the same; whereas for NG or A8 trim, the average system
power is considerably above the minimum. Of course, the minimum level
established the guarantee, not the average.

CONCLUSIONS ON RATING AND TRIM METHODS

1. Retention of the present single-engine maximum power trim (NG,
T5M) for the multiple-engine case results in lower average and mini-
mum power levels so that lower guarantee power would be available.
See Table II (B).

2. The A8, T5M trim method gives somewhat higher average power than
the NG, T5M method and significantly higher minimum power.

3. In the four-engine system, the minimum power per engine for the A8,
T5M trim is actually higher than present single-engine (NG, T5M)
minimum power but not as high as would be obtained if each engine in
the group operated independently with NG, T5M trim. Compare (A)
and (C) of Table II.

4, If trimmed to present single-engine maximum measured temperature
(T5M), both NG and A8 systems do not utilize full engine temperature
capability. See Tdmax for single- versus four-engine system in
Table II.

5. Component deterioration, equal on all engines, gives the same power
loss per engine on multiple-engine systems with NG, T5M trim as
now is seen for single engines. See Table II.

6. Component deterioration, equal on all engines, gives less power loss
on the A8, T5M trim than on the NG, T5M trim.

7. Four-engine EPR{ operation such that the maximum true engine
temperature (T5mayx) is equal to that seen in the NG or A8 methods
gives a minimum power level after deterioration slightly less than
the A8, T5M trim minimum power before deterioration, but greater
than A8 T5M after deterioration.

8. The EPRj method gives T5,,4x only on the worst engine after
deterioration.
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9. The EPR] method requires a maximum measured temperature
(T5Mmax) somewhat higher than used in the NG, T5M and A8, T5M
methods. That is, the qualified temperature (T5Mp,5x) must be
higher.

10. Four-engine EPRg operation such that the maximum measured tem-
perature (T5Mmax) is equal to that used in the NG or A8 methods
gives minimum power level after deterioration slightly below the A8,
T5M method after deterioration.

11. EPRg operation gives a maximum true engine temperature (T5may)
significantly lower than any other trim method.

RECOMMENDATIONS FOR RATING AT TRIM METHOD

1. The A8, T5M trim is significantly superior to the NG, T5M trim in
power capability but introduces some added complexity in requiring
A8 trim. However, trim of A8 by tabs or screw adjustment of exit
vanes appears practical such that the A8, T5M trim is recommended
over the NG, T5M trim.

2. The EPR method, if operated to engine capability (T5max), Would
allow the highest guarantee power after deterioration of any method
considered. However, the qualified temperature (T5M,5y) must be
higher than the other methods because the difference between meas-
ured and true temperature (T5M - T5) has different influence for EPR
methods versus methods holding T5M.

On the basis of engine capability (T5 true), the EPR method deserves
serious consideration. The average power will be lower than A8, T5M
but the guarantee (minimum) power will be about equal to the A8, T5M
method for new engines aiid significantly better for deteriorated
engines.

SYSTEM VARIATION

General

Where applicable in these analyses, the hot gas cycle rotor has been con-
sidered as the aircraft configuration. An explanation of this system is,
therefore, required together with some comments concerning other sys-
tems.

Hot Gas Cycle Rotor

With this system, the exhaust nozzles are choked and this condition es-
tablishes the Mach number levels in the rotor ducting. This Mach number
level and the flow path establish the friction, diffusion and expansion
losses in the rotor, all of which vary approximately with the dynamic

head (i.e., M2). To counter these losses, centrifugal pumping occurs
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when the rotor is spinning such ihat the pressure rise, due to pumping, is
approximately equal (for the XV9A system which has been used here) to
the pressure drop due to friction, etc. The net result is that engine ex-
haust pressure approximately equals rotor nozzle inlet pressure at 100
percent rotor speed. Any increase in Mach number in the ducting, such
as would occur if the nozzle was opened, causes the friction drop to in-
crease as the Mach number squared. The pumping rise remains constant,
such that overall A P increases steeply from 0 as tip nozzle area opens.
The reduced pressure then lessens the increased flow (WNT) such that
while power should increase with higher flow, it also should decrease for
lower available pressure ratio. Only a fraction of the power potential is
thereby realized. This fraction depends upon the rotor sizing (i.e., upon
rotor duct Mach number) and upon the pressure ratio level, since gas
horsepower/pound of flow is not linear with pressure ratio. Figures 8
and 9 show the nozzle and rotor characteristics.

Cruise Fans and Lift Fans

Existing cruise fans and lift fans use partial arc admission; therefore,
there would be no feedback between engines.

Jet Nozzle

The comments concerning pressure loss for the ducted fan apply with the
jet nozzle.

POWER EXTRACTION

General

The extraction of auxiliary power is a consideration under all engine
operating conditions; therefore, it must be viewed not only as a limita-
tion to available maximum power but also as a penalty to fuel consumption
during a mission. Several methods of extracting power can be considered:

1. Power extraction from the aircraft rotor.

2. Power extraction by bleeding the exhaust gas stream after mixing to
drive an auxiliary turbine.

3. Extracting power from individual gas generators through accessory
gearboxes.

4, Extracting power through compressor discharge bleed manifold to an
auxiliary turbine.

A number of engines installed in a common exhaust system will be trimmed
up such that maximum allowable T5 is held on the hottest engine. When
accessory power is extracted, depending upon the means used, various
rematchings occur affecting available power by different degrees.
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Aircraft Rotor Shaft

When power is drawn directly from the helicopter rotor, a collective

pitch reduction should occur commensurate with the accessory power
demand. No pilot action is required to prevernt overtemperature, regard-
less of power extraction levels, since engine operating point is not af-
fected and since a penalty of 1.0: 1.0 is incurred. That is to say, for
every horsepower extracted, the power to the rotor is reduced by the same
amount.

The SFC penalty is in direct proportion to the power extraction, provided
the pilot reduces collective pitch. At a part-power condition, the rotor
speed governor increases gas generator power to make up the lost rotor
speed. This reduces the SFC penalty to 0.8 percent/percent horsepower
extracted at maximum power and 0.6 percent/percent horsepower ex-
tracted at 33 percent maximum power.

Common Exhaust Bleed

When the common exhaust is bled to power an auxiliary turbine, the en-
gine and nozzle are mismatched by the percentage of air being bled. If
the nozzle is sized for the no-extraction condition, when the accessory
crive comes on line, it acts like an increase in nozzle area. The magni-
tude of the increase depends upon pressure drop to the auxiliary turbine
diaphragm and the percentage of air being bled. Since the engines see a
larger exhaust area, the corrected flow must increase or the back pres-
sure must decrease in order to satisfy exhaust continuity. If PLA is held
(i.e., on topping with no speed or flow increase allowed), the pressure
will be reduced. Since a lower back pressure would tend to accelerate
the gas generators at the initial temperature levels, T5 must come down,
which in turn forces P5 down further to maintain continuity. Since P5
drops more rapidly than T5, the situation stabilizes at about a ratio of
1.6:1; i.e., for every 1 percent of exhaust bleed, a corresponding 1.6
percent reduction in back pressure occurs (where auxiliary turbine nozzle
pressure and exhaust nozzle preslsur‘e are equal). Since the partial of

oHP

power with respect to P5, 5PT5 | Ag=C * 1S 2.0 percent/percent, the re-

4

duction in power would be approximately 3.20 percent per percent of
exhaust bleed. At part power, because T5 has been reduced (approximately
1.1 percent per percent bleed), an increase in gas generator speed can be
made until maximum allowable T5 is reached on the hottest engine (ap-
proximately 0.7 percent NG per percent exhaust bleed). This wouid re-
store pressure and cause no power loss regardless of power extracted.

The SFC would increase directly with the percentage of air being bled.

This would hold true at part power as well (i.e., SFC at constant horse-
power increases directly with percent exhaust bleed flow).

The sizing of exhaust area becomes critical when large percentages of
exhaust gas are being drawn. Large overspeeds can occur if the nominal
speed is close to maximum allowable. It may become necessary to under-
size the exhaust area so that the large area increase when the accessory
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turbine comes on line does not drive the engines overspeed or cause a sig-
nificant power reduction.

Accessory Gearbox

Power extraction through the accessory gearbox behaves like compressor
deterioration; and since the power must be drawn from individual engines,
the risk of mismatching the extractions is present. When the power ex-
traction is balanced, the engines must be throttled back in order to re-
duce the flow. This is because the extraction has necessitated increased
turbine work per pound of flow, which would cause overtemperature if

no corrective action was taken.

Assuming that all the engines are matched, the power penalty is about
2.5:1. and the increase in SFC is about 1.7 percent per percent horse-
power extracted.

Unbalanced power extraction of this kind acts like unbalanced compressor
deficiency, and the pilot should endeavor to balance the extraction. How-
ever, if this is not done and the engines are at topping, the pilot may take
corrective action by retarding all the engines as in the NG trim method.
This latter action results in a large power loss of 10.0:1. Due to the
variable nature of the unbalance, A8 trim can not be used as in the case of
a compressor deficiency.

Compressor Discharge Bleed

Driving an auxiliary turbine with compressor discharge bleed also presents
the risk of mismatching bleed. Because of the high pressure supply, a
multi-stage turbine would be required; and due to the low mass flow, this
would result in 'a poor efficiency.

The engines would respond to the reduced gas generator flow by increasing
temperature, a 1 percent flow increasing T4 by 16°F., If this temperature
increase is allowed as at low powers, the power loss is 0.6 percent per
percent bleed. At topping, however, the engines must be throttled back
so that the power penalty is approximately 3.1 percent per percent bleed.

The SFC penalty is of the order of 2.4 percent per percent bleed.

Assuming 100 percent turbine efficiency, the horsepower equivalent of
1 percent of compressor bleed is 52 horsepower per percent bleed.

Overtemperature induced by unbalanced bleed is the one overtemperature
condition which is aggravated by a common exhaust system. In an un-
balanced bleed situation, the energy demand on the high bleed engine
turbine is increased. In the separately ducted case, the reduced turbine
flow can be accompanied by a proportionally reduced back pressure (for
nozzle continuity) such that only a small portion of the higher work per
pound need be accounted for by increasing temperature.
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In the common exhaust situation, a change in flow on one engine appears
1/nth as great for the system of n engines. For the four-engine case,
this means that back pressure will be reduced by only 1/4 of the unbalanced
bleed. The high bleed engine must, therefore, make up the deficiency and
work per pound by going up in temperature somewhat further than would
have been necessary had it been separately ducted.

The desired corrective action is again to eliminate the mismatch; but if
this is not done, the throttle setting may be reduced with the ensuing large
power loss 12.5 percent per percent bleed.

TABLE III
EFFECTS OF CUSTOMER POWER EXTRACTION

Extraction Means SHP Penalty

Rotor Shaft

Balanced Accessory Gearbox

Balanced Compressor Discharge Bleed
Common Exhaust Bleed

Unbalanced Accessory Gearbox 1
Unbalanced Compressor Discharge Bleed 13.

W w o
w O U W U -
e

o

It should be noted that in the cases of unbalanced bleed or accessory
power extraction, the performance penalties shown in Table III are for
the worst case, i.e., drawing all power from the poorest engine. Also,
it was assumed in the case of compressor discharge bleed that the utiliza-
tion efficiency is 60 percent; in the case of common exhaust bleed, the
utilization efficiency was assumed to be equal to rotor efficiency.

Conclusions and Recommendations

The results shown summarily in Table III indicate that the best means of
obtaining power is obviously to take it from the rotor shaft., This may be
difficult to obtain and undesirable at low rotor speeds.

In view of this, it is recommended that if shaft power is required, it
should be taken in the form of balanced extraction from the accessory
gearboxes.

If the power is required as gas power, then the choice between common

exhaust and balanced compressor discharge bleed would depend upon its
mode of use,
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TRANSIENT PERFORMANCE

INTRODUCTION

The purpose of this section is to describe the means by which the transient
controls were established and analyzed. The investigation of the transient
performance was conducted on a digital computer using the Dynamic Sys-
tems Analyzer (DYNASAR) program. A copy of this program is included
in Appendix II.

DYNASAR is a digital computer program for the study of dynamic systems,
and it uses simulation and response techniques similar to those used in

the analog computer. It is suitable for the evaluation of large, complex
linear and nonlinear systems which are describable by differential equa-
tions.

The systems model used in this study comprises four T64 gas generators,
each of which is represented by a nonlinear block diagram (Figure 12),

a fuel control (Figure 13), and an engine exhaust diverter valve (Figure 14).
The remainder of the system is represented by the aircraft ducting (Fig-
ure 15), a hot gas cycle rotor (Figure 16), and a transient speed coord-
inator (Figure 17). The block diagram for the variable tip nozzle area A8
is shown in Figure 18, The dynamics of this system are not included in

the DYNASAR program in Appendix II, since the system was rejected

early in the analysis.

The system block diagrams are a combination of the various types of
operational blocks as used in analog computers.

Using the DYNASAR program, it is possible to determine the effects of
various modes of mismatch on the transient performance of the system.

A linear stability study of the four-engine case was conducted to determine
the actual governing requirements,

DESCRIPTION OF FUNCTIONS

The following is a definition of the various constants and functions used in
the system:

Dn = A diverter function for the nth engine
Dn = 1 if the engine exhaust is diverted
Dn = 0 if the engine exhaust is not diverted

AT = A time delay used to determine the effects of delayed diverter
operation on system performance (sec)
K1 = A constant used to bias the fuel control acceleration schedule

K1 = 1,0 for nominal operation
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A constant used to bias the engine steady-state line
K2 = 1.0 for nominal operation

A constant used to bias the unbalanced gas generator torque
K3 = 1.0 for nominal operation

A constant used to bias the engine air flow
Ky = 1.0 for nominal operation

A constant used to bias the effect of unbalanced torque on engine
exhaust temperature
K5 = 1.0 for nominal operation

A constant used to bias the engine exhaust temperature
K6 = 1.0 for nominal operation

A constant used to simulate the volume of the aircraft ducting

A constant used to bias the engine steady-state line
K8 = 0 for nominal operation

A constant used to bias the aircraft ducting pressure losses
K9 = 1.0 for nominal operation

A constant used to select the mode of rotor speed control
K1g = 1.0 if load signal compensation is used

K10 = 0 if load signal compensation is not used
Wf/PS3 vs PLA
Temp reset WE/PS3 vs % Ng & 6

Acceleration Wf/PS3 6- o2 vs % Ng/\/7

Steady state Wi/PS3 6-°% vs % NgNG & T12
WeVE s g NgNT & — L
0 PS36-
T’(l;s vs % Ng/No & M 53

PS36 -
2ITE[8 ys o Ng/NE
g
PT5  WgVTTs
PS6 PS6
PS6 _ %Nr ., WtV TT6
Vs = &
) o A
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Fig = T1% VS%& ___WtW
Fip = —:—Tﬂ%-r vs % Ng/No
. PS3 6.5
| Fig = P§3 vs % Ng/NG &EF2
‘ F, - P'§‘6 vs thl‘ng‘—s &i:/oﬁr
Fiq ° Té\ Vs APéTG & ‘Z‘}aﬁr
F15 = -Iéivs B &—%\IL
F,g = load signalvs 8

F17 = % Nr set vs PLA
F18 =. WEf/PS3 vs (% Nr - % Nr set)
F

A FB,FC are functions extracted from a computed diverter valve per-
formance map.

FN The function of the transient speed coordinator

_ Wf/PS3 Actual o
FN = W/PS3 Normal 'S (% Ng - % Ng minimum)

DR = the drop rate of the Ng governor
_ 9 WE/PS3
CN = A signal from the diverter of the nth engine to the transient speed
coordinator., It is used to remove an engine from the transient
coordination systern in the event that it is diverted.
LS = Load signal from collective pitch to the fuel control in Wf/PS3

units.

MISMATCHED ENGINES

General

It was discovered in the early stages of the XV-9A flight testing that the
performiance mismatch between engines in a common duct could have
serious results. It is thernlore necessary to investigate the interaction
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between engines under the mismatch conditions of unequal compressor
bleed, unequal horsepower extraction, and initial mismatch of gas gen-
erator speed, Ng.

Mismatched bleed and horsepower are simulated by adjusting the various
engine constants, whereas gas generator speed mismatch is accomplished
by starting the transients with different values of PLA on the various
engines. A mismatched fuel acceleration schedule is used in some of the
cases to represent typical engine-to-engine acceleration performance
variation.,

Two limits were set for the transient performance. The first of these is
that the engines should be capable of acceleration without hanging up from
an initially mismatched condition of 5 percent ANg. This figure is con-
stituted in part from production tolerances and in part from operational
tolerances.

Present T64 production engine data indicate that in a random group of
engines without trim, it is possible to have a speed mismatch of 3.2
percent ANg (this extreme occurs at autorotation). It is also necessary
to allow the pilot a tolerance on matching the power lever angles on all
engines. A reasonable tolerance is 2° PLLA; and since 1° PLA is equiva-
lent to 0.7 percent ANg, the resulting speed mismatch is about 5 percent
ANg.

The second limit, applied from an operational standpoint, is that the time
for all engines to reach maximum speed should not be g-eater than 4.5
seconds.

Results and Discussion

General

Initially the system was run with no coordinating control, to eliminate the
effects of mismatch, and with the gas generators at the normal idle power
of 3 percent maximum power, which is equivalent to 75 percent Ng. The
results of this running are shown in the first group of figures in Table IV.
From these results, it can be seen that the system does not meet the
limit detailed above, and consequently the study was enlarged to discover
a method which would result in the limits being met.

Open A4

Increasing the turbine nozzle area, A4, can be expected to improve ability
to accelerate without stall or roll-back, but at the same time it causes a
loss of engine performance. An A4 opening to 105 percent of nominal
allows acceleration from 1.5 <% ANg < 2.0. Since this offered no signi-
ficant gain in mismatch tolerance, the effect of modification of the accel-
eration fuel schedule was examined.
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TABLE IV
EFFECT OF OPENING A4 (STANDARD DAY)

Hang-Up
Four Engines Two Engines
(See Fig. 19)
% ANg >1.25 >3.0
76% Ng Idle 100% Nr { % Wb >1.5 >3.25
Hp ext > 20 >45

76% Ng Idle 100% Nr

A4 = 105% A4 (nominal) 1.5<% ANg < 2.0
As above but with modified
Accel. Sch. Wf/P3 included| 2'0<%ANg<3.0

With the intermediate schedule, which has Wf/P3 increased to 120 percent
of nominal below 90 percent Ng/N68 and decreased to 90 percent of nomin-
al Wf/P3 above 100 percent Ng/\N§ , the speed split could be increased

to 2 percent Ng. This increase is insufficient to meet the requirements;
and as the decrease in steady-state performance does not warrant the use
of a large A4, this branch of the study was concluded.

Variable Tip Nozzle Area (A8)

It will be remembered from the section on steady-state performance that,
by opening the rotor tip nozzle area slightly, the exhaust condition in the
common exhaust could be matched. Therefore, it can be appreciated

that where mismatched acceleration occurs, the tip nozzle area could be
increased in order to match the engines at a critical time,

It had been determined that a tip nozzle area of about 120 percent of
nominal would be required to assure engine acceleration from idle with
large initial speed splits. Since an area of 120 percent nominal A8 would
cause an unacceptable steady-state power loss, the system analysis in-
cluded the use of a scheduled tip nozzle area, based on the speed of the
slowest gas generator. The schedule was chosen such that the tip nozzle
area is open to 120 percent nominal A8, with a speed of less than 90 per-
cent Ng and an area of 100 percent nominal A8 above 93 percent Ng, the
closure between 90 percent and 93 percent Ng being linear.

From Table V it can be seen that the above schedule permits accelera-
tion from an idle speed split of 3 percent Ng with the intermediate accel-
eration fuel schedule. However, with an idle speed mismatch of 5 percent
Ng, the accelerations were slow.
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TABLE V
EFFECT OF VARIABLE TIP NOZZLE AREA

A8 Schedule Description of Accel.
% ANg Accel. Delay Sat Lag Hang- Roll- Time Fig.
Idle Sched. Day (sec) (%) (sec) Up Back (sec) No.
Low S No 10 2 - Yes ——- 20
3 Low S 1 20 .2 No No 2.5
Low C 1 20 .2 No No 3.5
Low H 1 20 e 2 No No 2.4
Low S No 10 .2 -- Yes --- 21
5 Low S 1 20 oo No No >4,0
Low C 1 20 .2 No No 4.5
Low H 1 20 .2 No No 2.8
Int S No No .02 No No 4.0
Int S 1 20 .2 No No 3.0
3 Int C No No .2 No No 2.7
Int C 1 20 .2 No No 3.0
Int H No No .2 No No 2.5
Int H 1 20 .2 No No 2.2
Int S No No .02 No No 4.7 22
Int S 1 20 ol No No 3.8
5 Int C No No .2 No No 4,5
Int C 1 20 .2 No No 4.5
Int H No No .2 No No 3.0
Int H 1 20 0 No No 2.8

Since it was apparently desirable to have the tip nozzle area open transient-
ly at higher speeds, an analysis was made of a system incorporating de-
layed closing of the tip nozzle area. The assumption is made that the
delay can be readily incorporated into a practical A8 control mechanism
without substantial complication.

The delay built into the system consists of three parts:

1. A maximum actuation rate of 20 percent A8 per second. This is as-
sumed to be provided by some damping device such as a servo
actuator and pilot valve.

2. Actuation is delayed by 1 second after the low-speed engine reaches
90 percent Ng. This delay is present only during acceleration and is
assumed to be provided by servo overtravel and slew rate.

3. A 0.2-second actuator lag is included as being incidental to a practi-
cal control, al*hough it is neither specifically desired nos very signi-
ficant to the transient performance.
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The above modifications improved the tolerance of the system, but the
duration of the accelerations is still thought to be long, particularly under
cold (-65°F) conditions.

Another adverse feature of the variable tip nozzle system is that complex
mechanical components will be positioned in a very high centrifugal field.

During this part of the analysis, the effect of acceleration fuel schedule,
WE£/P3 variation, was tried. One of these schedules was lower than the
normal T64 schedule during all the accelerations, whereas the inter-
mediate schedule was the one used previously in determining the effect of
opening A4, 4 )
In order to demonstrate the effects of the changes in mismatch speed and
coordination scheme, various curves have been drawn (see Table V).

High Idle Speed

After completion of the common exhaust system acceleration analysis as
described in the preceding paragraphs, it was determined that the idle
speed was unnecessarily low. Figure 23 shows the gas generator idle
speeds necessary for flat pitch rotor operation. After consultation with
the Hughes Tool Company, it was agreed that a flat pitch speed of 70 per-
cent Nr could be used without the need for complications such as a rotor
brake. This rotor speed gives a gas generator speed of approximately
87 percent Ng and a power of 10 percent maximum power on a standard
day.

The DYNASAR program was run using a constant real speed, Ng = 87 per-
cent, but since this results in a power approaching maximum power on a
cold day, this speed must be controlled as a function of compressor inlet
temperature.

From the graphs of the transient performance, it can be seen that hang-up
occurs when the slow engine lags the remaining engine(s) by approximately
20 percent in the two-engine system and by 10 percent in the four-engine
system. The fuel system control cam would therefore be profiled to main-
tain the difference between idle and maximum speed constant at the value
for the standard day.

The accelerations are therefore not significantly different when the real
speed of the gas generators is used, and the results given in this section
for real speed apply approximately to corrected speed also. When the
acceleration coordination is used, the type of speed signal has no effect
upon the transient.

Analysis of the acceleration performance of the system was recommended

using the high idle speed, and Table VI shows the results of the initial
running.

52



\ TABLE VI
HIGH IDLE SPEED: NO COORDINATING SCHEME

Description of Accel.

% ANg Accel. Rotor Hang- Roll- Time  Fig,
Idle Sched. Day Speed (%) Up Back (sec) No.
T64 S 100 No No Laxt 23
3 Int S 100 No No 3.3
T64 C 100 No No 1.7
T64 H 100 No No 1w
4 T64 C 100 No No 2.0
T64 H 100 No No 1.2
T64 S 100 No No 2.7
5 Int S 100 Yes No >5.0
T64 C 100 No No 3.0
T64 S 70 constant No No 2.6 24
3 T64 € 70 constant No No 2.2
T64 H 70 constant No No 1.5
T64 S 70 constant -—- Yes (e o
4 T64 C 70 constant --- Yes oo
T64 H 70 constant No No 1.6
5 T64 H 70 constant No No 1.8

Initially the transients were run with a rotor speed of 100 percent Nr, but
for the later runs this was dropped to a constant 70 percent Nr, this being
the ground idle speed.

From the results in Table VI, it can be seen that with the lower rotor
speed the engines would not accelerate away from a speed mismatch of

4 percent Ng. This is unacceptable, and it became necessary to examine
schemes for coordinating the accelerations of the gas generators.

Two schemes were examined, one being a compressor discharge pressure
coordinating scheme and the other using gas generator speed. The latter
was selected due to the inherent simplicity of such a scheme.

Transient Speed Coordinator

The transient speed coordinator selected is as shown in Figure 16,

The coordinator receives a speed signal from each engine. The minimum
(percent NG min) of these signals is selected and is independently sub-
tracted from each of the incoming speed signals to obtain A % Ngy,A %Ng2,
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etc. In the DYNASAR program, for each A % Ny a functional signal (Fy)
is generated and transmitted to the main fuel control of that particular
engine. The function Fy is the ratio of the required fuel flow to the en-
gine to that scheduled by the fuel control and is shown in Figure 26. The
effect is that the fuel flow Wf/P3 is reduced proportional to Fy. A mini-
mum value is set for FpN of 0.85 ih order to prevent engine blowout
during throttle chops.

An attempt was made to utilize the Ng coordinator at the low idle speed,
but the limit of authority was required to be so low that blowouts could
occur during throttle chops, unless the schedule was reset higher for
deceleration. With the T64 system, the coordinator schedules a function
as shown in Figure 27 such that any schedule slope between 0.3 and 3.0
volts /RPM may be obtained.

The differential speed function output signal operates a compressor dis-
charge pressure (CDP) bleed valve located in the CDP sensing line of
each main fuel control. The bleed valve bleeds CDP pressure in the con-
trol sensing line in such a manner that the ratio of CDP at the contrcl to
the actual engine CDP conforms to Figure 28. The value is such that a
mechanical limit prevents this ratio from decreasing below 0.85. In this
way, the control will sense a reduced CDP and reduce the fuel flow ac-
cordingly.

In order to allow diverted engines to be ignored in the control, signals B
and C (Figure 16) prevent the % Ng from the diverted engine from being
considered in the selection of percent NG minimum and maintain the value
of Fyy for this engine at 1.0.

The following requirements will be applied to a typical aircraft system.

a. Transient Coordinator Response

The transient coordinator (not including the CDP bleed valves)
shall have a time constant no greater than 0.01 second. Each
CDP bleed valve shall have a time constant no greater than
0.06 second.

b. Operating Range

The transient coordinator shall function properly within the speed
range of 11,000 to 19,000 RPM and with speed differences up to
7,000 RPM.
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c. Power Requirement

The transient coordiunator shall operate using an electrical power
supply of 28 volts DC per Mil-E-7894. The system with three
bleed valves operating shall require no more than 200 watts.

d. System IL.ockouts

The transient coordinator shall be designed such that each engine
has a separate lockout device. The device shall be capable of
being operated either manually or automatically upon activation
of the diverter mechanism. When an engine is locked out of the
transient coordinator, its speed signal shall not be considered in
the selection of the master speed signal and its bleed valve shall
be fully closed (a CDP ratio of 1.0).

e. Special Requirements

A modification of the existing Main Fuel Control deceleration
schedule is required by the transient coordinator. The required
deceleration limit is 3,70 £ 0. 20 Wf/P3 units.

The results of the analysis using the Ng speed coordinator are shown

in Table VII for the four-engine system. In order to simulate produc-
tion engine variation, the slow engine was assumed to have an accel-
eration schedule Wf/P3 half a unit below nominal and one of the
remaining engines to have an acceleration schedule half a unit above
nominal.

The effect of varying the rate of rotor loading was also simulated.

Since the acceleration schedules tried previously seemed to be in-
ferior to the standard T64 schedule, the latter schedule was used
for the remainder of the analysis.

It can be secen from Table VII that for very slow rates of rotor load-
ing, no coordinating control is required, but that for rapid loading
(rates of 1.0 second), the Ng coordinating control is required. Use
of this control allows accelerations from a 7 percent speed mismatch
as well as from an 8.5 percent bleed mismatch and 100 horsepower
unbalance horsepower extraction.

Two-Engine System

In order to try the assumption that no coordinating scheme would be re-
quired for a two-engine system with a high idle speed, transients were

run at the most serious condition, rapid rotor loading. The results of

these transients are given in Table VIII.

From this table, it can be seen that the two-engine system has no require-
ment for a coordinating control since accelerations can be accomplished
from an idle speed mismatch of up to 7 percent Ng when the high idle speed

is used.
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TABLE VII

EFFECT OF NG COORDINATOR AT HIGH IDLE SPEED

Description of Accel.

Collective Hang- Roll- Time Fig.
Mismatch Day Rotor Speed Speed Up Back (sec) No.
No Coordination Control
S 70% Initial 1.0 No No 3.7 29
S 70% Initial 2.0 No No 8,1
S 70% Initial 3.0 No No 2.6
3% Ng
© 70% Initial 1.0 No No 3.6
C 70% Initial 2.0 No No 2.4
C 70% Initial 3.0 No No 3.2
S 70% Initial --- Yes ---
S 70% Initial 2.0 No No 4,
S 70% Initial 3.0 No No 3.2
4% Ng
C 70% Initial 1.0 No No 4.6
C 70% Initial 2.0 No No |
C 70% Initial 3.0 No No 3.3
S 70% Initial 1.0 — Yes -—-
S 70% Initial 2.0 --- Yes -
S 70% Initial 3.0 No No 3.2
5% Ng
C 70% Initial 1.0 -——- Yes -- 30
C 70% Initial 2.0 No No 3.0
C 70% Initial 3.0 No No 3.6
6% N S 70% Initial 3.0 No No 4,3
0 NE C  70% Initial 3.0 No No 3.0
S 70% Initial 3.0 --- Yes --—-
7% Ng : C  70% Initial 3.0 No No 3.6
With Ng Coordinating Control
5% N S 70% Initial 1.0 No No 1.9
@ NE C  70% Initial 1.0 No  No 2.0
6% Ng S 70% Initial 1.0 No No 1.9
7% Ng S 70% Initial 1.0 No No 1.9 31
8.5% WB { C 70% Initial 1.0 No No 2.0
100 HP ext
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TABLE VIII
HIGH IDLE SPEED — NO COORDINATING CONTROL

Description of Accel.
Collective  Hang- Roll- Time Fig.

Mismatch Day Rotor Speed Rate Up Back (sec) No.
S 70% Initial 1.0 No No 2.0
5% Ng C 70% Initial 1.0 No No 1.9
H 70% Initial 1.0 No No 1.2
7% Ng S 70% Initial 1.0 No No 1, 2 32
8.5% Wb { C 70% Initial 1.0 No No 2.0
100 HP H 70% Initial 1.0 No No 1.8

Conclusions

As a result of the analysis of the acceleration of mismatched engines, the
following conclusions can be made:

1. The high idle speed should be used such that the speed difference be-
tween idle and maximum remains constant at the standard day value.

2. In a two-engine system, no coordinating control is necessary.
3. In a four-engine system, a simple Ng speed coordinating system is

required.

ROTOR SPEED CONTROL AND TRANSIENT RESPONSE

Results and Discussion

A linear stability study has been conducted on the four-engine system with
rotor speed governing. The following power conditions were investigated;

1. Flat pitch at 100 percent Nr (Figure 33)

2. Maximum power at 100 percent Nr (Figure 34).

As was expected, the least stable condition was at flat pitch, However,
this condition has good stability (46° phase margin), and if the minimum
acceptable phase margin is 30°, which is in accord with good design prac-
tice, the system open loop gain can be increased by a factor of 1.68 in
order to improve the response.

Several lcad chops were conducted on the DYNASAR program to determine
the rotor transient response, transient speed droop, and steady-state
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speed droop. The duration of collective pitch motion, in all cases, was
1 second.

Initially, the transients were run without any load compensation. Using
the standard droop line (Figure 35), the steady-state droop was 6.6 per-
cent Nr with a transient of 9.6 percent Nr (see Figure 36). These droops
are far higher than can be tolerated in the system, and in order to improve
the response the system gain should be increased.

The high-gain droop line in Figure 35 increases the rotor governing sys-
tem open loop gain by a factor of 2.0. The maximum steady-state droop

is reduced to 3.5 percent Nr with a peak transient droop of 6.0 percent Nr.
However, with the high-gain it should be noted that the persistent oscilla-
tions indicate tha! the system has an equivalent open loop phase margin of
approximately 18°, which is unacceptable.

An open loop phase margin of 30°, by comparison, would result in a
steady-state droop of approximately 5.5 percent Nr and a transient droop
of approximately 8.4 percent Nr.

By comparison with existing rotor governing requirements, the transient
performance without load compensation is not acceptable.

For a system with load signal compensation in the form, currently in use,
of a feedback from the collective pitch lever, the steady-state droop can
be reduced to zero under nominal ambient conditions by proper design of
the compensation schedule. Figure 37 shows the results of several col-
lective pitch transients using load signal compensation with the standard
droop line. In all cases the overshoot was less than + 1.0 percent Nr.

The curves in Figure 37 are as follows:

A = 8° Collective to Maximum Collective

B = 6° Collective to Maximum Collective
C = 4° Collective to Maximum Collective
D = 2° Collective to Maximum Collective
E = Flat Pitch to Maximum Collective

F = Maximum Collective to Flat Pitch

General

The rotor speed governing system requires that the Nf drive pad on each
main fuel control be driven at a speed proportional to actual rotor speed.
The Nf drive pad shall be driven at a maximum governing speed of 3860
RPM and a minimum governing speed of 3345 RPM in a clockwise direc-
ticn when looking into the drive pad on the main fuel control.

Power Requirements

The power required to drive the Nf drive pad shall not exceed 0.4 horse-
power. The torque required shall not exceed 4.0 pound-inches.
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Response Rate

The transfer function of the rotor speed drive mechanism shall not exceed
0.2 second.

Special Requirements

The remainder of the rotor speed governing system shall be identical
to the existing free turbine speed control in the T64 main fuel con-
trol. The ranges of adjustability of the governor gain and of the
system time constant listed in the main fuel control specification are
adequate for this rotor speed governing system.

Load Compensation

The system requires that the load signal shaft on each main fuel control
be positioned as a function of desired power setting (collective pitch). The
load signal shaft provided on the rotor speed control should be positioned
at 0° for zero load signal and 90° clockwise looking into the control for
maximum load signal. The required schedule of load signal shaft position
versus percent of maximum load signal is essentially linear,

Conclusions

The prime conclusion which can be drawn from this section is that load
signal compensation is required for the transient response of the system
to be acceptable. The response of the system without load signal compen-
sation is not acceptable when the stability margin is acceptable.

ROTOR OVERSPEED PROTECTION

General

Rotor overspeed protection requires that a signal be supplied to each main
fuel control as an indication of rotor overspeed. An applied voltage shall
cause a decrease in equivalent power lever setting. The solenoid shall
limit the equivalent power lever setting only when it calls for a setting
lower than called for by either the power lever or the rotor speed governor.

Voltage Characteristics

The electrical signal shall be 28 volts with characteristics per Mil-E-7894.

Range of Operation

The rotor overspeed device shall be capable of resetting the equivalent
power lever angle to a nominal value which shall be externally adjustable

from 33° to 55°,

99



Power Required

The input signal power required to operate the rotor overspeed device
shall be a maximum of 50 watts for each engine.

Response Rate

The maximum delay time from the time the signal is applied to the time
the fuel flow is decreasing at the rate of 7,500 pounds per hour per sec
shall be 100 milliseconds.
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Figure 20. Acceleration Response. Four Engines; A8 Schedule
with No Delay; Low Idle Speed; Low Accel. Schedule 3% A Ng
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Figure 22. Acceleration Response. Four Engines; A8 Schedule with
Delay; Low Idle Speed; Intermediate Accel. Schedule 5% A Ng;
Nr = 100%: % Ng vs Time
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Figure 25. Acceleration Response. Four Engines; Uncoordinated;
High Idle Speed; 3% ANg; Nr = 70% Constant: % Ng vs Time
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Figure 29. Acceleration Response. Four Engines;

High Idle Speed; 3% A Ng; Nr = 70% Constant: 9

78

5.000

5.000

Uncoordinated;

» Ng vs

Time



o
t
+
i |
; 2l
B3R ' ‘- bt & 3
1 g :
Jssss s 3 5 i | i
sassess o o : =
i385 i | 3 i :
Hith 3§ i i :
e S8 "':"4; o
B H i 8 i
geess : 8 i 8 i :
E‘ﬁ: 33 33 ¥333 e o8 1 3
5 i e
Bt H i o : Hi t
Bittt . ! H 288 8! 3838! 1 il Sy 1
:23222 4 TS e 2
-000 1.000 2.000 3.000 4.000

TIME

Figure 30. Acceleration Response. Four Engines; Uncoordinated;
High Idle Speed; 7% ANg; Nr = 70% Initial: % Ng vs Time

79



:

ruses seons as
s2223 saaasss

T

et sunes vanes
a2 so0envass

teesssenss sansss

4%

}
T

33t xu%; e sous

‘as

Tt

1S 82088 n‘,“igi} se5as m‘pmsn

6.000

Figure 31. Acceleration Response; Four Engines; Ng Coordination;
High Idle Speed; 7% A Ng; Nr = 70% Initial: % Ng vs Time

80



:

ruses seons as
s2223 saaasss

T

et sunes vanes
a2 so0envass

teesssenss sansss

4%

}
T

33t xu%; e sous

‘as

Tt

1S 82088 n‘,“igi} se5as m‘pmsn

6.000

Figure 31. Acceleration Response; Four Engines; Ng Coordination;
High Idle Speed; 7% A Ng; Nr = 70% Initial: % Ng vs Time

80



a9l _

JIMOod Yoitd 1Bl uonoun, aajsued ], doo T uad( FUtuIssor) 1010}

*¢¢ ouangdryg

(Ras/avy) -AIN3NO3S

- - - - =B - - ™

7 '3

P

r

ogr-

09¢

+— ——— e —m mama—a

I....|..Ir-| i, I_|.|r.| ﬂ.w -

e
: E -4 :
G S SR SRS, SIS
. | f
|

t LT Y i =
| ol g by o4 i
L - ; | = | O +| = . o) -
MISMYW MVe ! B syl ' ]
s . aw.mz W | |_- < ¢ i)
: : - ' _ - 0
+ . m | . =
b pee ] - E | 4 ) _4- oy
o . 8 s M S T B




JMVNV 3ISVHd

)

I9MO0d WNWIXe]N uorjouny asjsued], doo] uadQ Sutuasaon) 1030y *pg oandig

_ﬁuwm\-qn ) AININOIAd

e B AT ! |
E i 7 : T3 5 fy 0 5 35 ) Tl FRNS [ OB <
o == : . — 3L _ _
a : e .._ e (Bt E l...:l v. 1 “ M
_____ f B i | . | 5 _ m
% e =M =3 T s — — T x g |
BT M- ' M SN Y N il s T IHET
TN TR e i e g i 18 0 T e N0 W <Ll
.. A3 ; T o P
] B =B o — ECT 1 r
5 _..._._ . C i * -
i . | | _
SR R T 3 0l i h" ! Pt
i B 2 3 |4 B G
- 5 5 o e
= i
. - . |....L_|. [ 1
l S e—
i |

= e
41 B Ol
=
!
i
|

8

(5333934

% B L 3
s ) ” SR RN S OEEn

ooH— I e Sem i EO |p|r_ 1
AL e S SR A

T
e Tt R SR

]
S
o RS-
g b
1

R e B T
4

ooy

'.q .
ol
rﬂ_ 2,
.

50

R S B e ol




1o

68 109

_ROTOR SPEED (FoNg) . . - @

07 168

105 1o

10¢

LN

103

e X

medbiilice

P

Rotor Steady-State Droo

Figure 35

84



uor

jesuadwio)) [eudig peo ] JNOYIIM SIUIISUBRL], Jamod °9¢ 3andig

pge ve
Y

e

.F

13

o) &
vi 4.
SEETE MO
S g
S El (c
of u + .1
b £
339" -
TS =
L
.

S . PR

Hlld 1974 OLYVL WOd4 dOHD 3AILD3TT0D azaummrﬁ

1

. 433dS. WOIOM |

o, Ll

0 .
of s . ~ IR R
Lattde b s btanl bbb a2 2

Lp1pgTr ety

il

l

o

1

85



uorjesuadwo) 1eudig peo

il
i et

888 4 -8

T Y)IM SJUSTISUBRIJ, J9MOJ

*LE

\

_SANQ@D3S -FWEL

¥ Zi i BRRaateg a

Ve

+q

++
i
t
+

e R

I‘I;ZE.'

1.

m ' }
188
s 1
nds | |
RS it 400 9 0 01 S + 4
i
I H
R
58 8 B |
Heualenebeansmn isaie sy Red) 1 1
I I
Rl
v..!“v...wuiz TS it
! } [
Y ! |
SSRSSSSEEY 14
ST ES ]
..... ! ISes
I ! !
I
|
8
1SS0S 8
¥ ]
] }
] I
T
ine 8 anlsy wi
{
}

b 4 3
+ B
128 5
‘ 1
— + 1 1
8! } }
- -+ 1444
4+ +
Lt -+ WLT.
1
isnss
nt -
i
T
1T
1 +
T
T
s8
+4
| a8
i &
oE
ot
T
+
}
|
i
}
|
& W
{
'S SRS
|
i m"
s & 1 SEaM
L 13

86



FAILURE ANALYSIS

INTRODUCTION

The failure analysis is considered in two parts: the first is engine failure
and the subsequent operation of the diverter valve and tip nozzles; the
second is failure of elements of the control system. These two are con-
sidered separately in this section.

ENGINE FAILURE

_Gene ral

Two cases of engine failure were considered: a single-engine failure in
the four-engine system and a double-engine failure in the four-engine sys-
tem. The latter was used to simulate the single-engine failure in the two-
engine system. Failures at part load and at full load were simulated and
the results compared.

The DYNASAR program was used to simulate engine failure with the di-
verter valve block diagram as shown in Figure 17. The diverter valve
dynamics and performance were obtained from the work performed under
Air Force Contract AF33(600)-40862, using the J85 engine.

Engine failures were simulated by chopping the throttle on the engine(s)
required. This simulates what would happen on combustor blowout and
also approximates a high-speed stall.

The program was run with the Ng speed coordinator included, but a descrip-
tion of the operation of the system without this facility is also given.

Results and Discussion

The results of the engine failure analysis are shown in Figures 38 through
53 for the failure of one engine in the four-engine system and Figures 54
through 57 for the failure of two engines in the four-engine system.,

The description of the operation of systems below is specifically referred
to the four-engine system but the comments apply equally to the two-
engine system. The numbered paragraphs below refer to the critical
points during the transient as shown in the figures.

(a) Maximum Load-Divert in 0 Seconds (Figures 38 and 39)

1. The diverter valve operating time of 0.5 second does not affect
the performance since the gas follows the line of least resistance
and flows through the diverter valve very shortly after this is
cracked. Thus, as the failed engine is diverted, the good engine(s)
sees a large nozzle area and therefore accelerates along the
droop line.
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After 0. 25 second, the nozzle area has achieved its correct value,
causing the reverse of the previous action to occur.

Due to the reduction in rotor speed and hence the resulting lower
pumping effect, the good engine(s) feels a higher back pressure,
and hence the speed reduces along the droop line until stable
operation is reached.

(b) Maximum Load-Divert in 1.5 Seconds (Figures 42 and 43)

(c)

1L

The Ng coordinator senses the speed differential between the
engines and reduces the Wf/P3 on the good engine(s) by 15 per-
cent — its limit of authority.

The good engine(s) feels the reduced pressure and hence accel-
erates along the modified droop line.

The diverter valve opens, simultaneously cancelling the Ng
coordinator signal from the failed engine.

Cancellation of the Ng coordinator signal causes the good engine(s)
governor droop characteristic to return to the original level, but
the increased nozzle area, as in paragraph (a), causes the good
engine(s) to continue acceleration.

The tip nozzle is fully closed and the operation is now the same
as (a)3 with a reduced steady-state running speed and higher
temperatures.

Without the Ng coordinator, the engine(s) would follow the dotted
line (1) to (4) or. Figures 42 and 43 since the only influence on the
engine(s) would be the reduced back pressure.

Part Load-Divert in 0 Seconds (Figures 46 and 47)

1.

Initially the throttle setting is such that the engines are below
topping. The failed engine is diverted and as in (a)3 the good
engine(s) accelerates.

The tip nozzles are closed and the fuel flow is increased in
response to the demand from the rotor speed governor,.

The fuel flow reaches the droop line and the speed increases until
the steady-state speed at topping is reached. The overshoot that
occurs during this phase is the same as that experienced on a
normal throttle burst.

As before, the steady-state Ng speed is low due to the reduced
rotor speed; also, the final steady-state T5 is above topping.
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(d) Part Load-Divert in 1,5 Seconds (Figures 50 and 51)

1.

4.

Initially the throttle setting is below topping and the Ng coordina-
tor reduces the Wf/P3 characteristic by 15 percent as in para-
graph (b).

The rotor speed governor causes the fuel flow to increase to
within 0.85 of the normal acceleration schedule, and the engine
accelerates to the droop line.

The good engine(s) is still feeling the reduced back pressure and
continues to accelerate along the droop line as in (b)2.

The remainder of the cycle continues as in (b)3.

Without the Ng coordinator, the rotor speed governor causes the good
angine(s) to accelerate along the original acceleration schedule. The
:ransient temperatures are again those experienced in a normal throttle

yurst.

Figures 40, 44, 48, 52, 54, and 57 show the relationship between
the speed of the failed engine(s) and that of the good engines.
From these it can be seen that the deceleration of the failed engine
is so rapid that the good engines would exhaust through the failed
engine, causing a large loss of power. It is therefore desirous
that the control of the diversion sequence be automatic, and from
these figures it is obvious that a differential speed signal similar
to the Ng coordinator signal can be used.

The reduction in rotor speed and loss of rotor torque is shown in
Figures 41, 45, 49, 53, 55, and 56.

Considering the single-engine failure in the four-engine system,
it can be seen that the loss in torque following the failure is 38
percent. This is higher than expected due to the reduced pumping
effect and hence higher pressure drop in the rotor duct. By re-
duction of the rotor cyclic pitch, the rotor speed is increased,
thereby increasing the torque at the rotor. These same qualita-
tive comments apply to the failure of two engines in the four-
engine system.

The failure of one engine in the two-engine system will not exactly
correspond to the failure of two in four due to the lower rotor
inertia of the smaller system. Thus the rotor speed will stabilize
at the lower value much faster.

failure of Diverter Valve System

[wo failures were considered possible for the four-engine system:

Failure of the tip nozzle open with three engines running.
). Failure of the tip nozzle closed with four engines running.
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Considering case 1, it is obvious that the increase in area reduces the
pressure ratio across the nozzle which causes a power loss in excess of
40 percent of the power available from three engines.

Case 2 causes an increase in exhaust pressure which results in an increase
in temperature. The increase is governed by the possible increase in
Wf/P3 along the governor droop line before the acceleration schedule is
reached. In this case the engine decelerates along the acceleration sched-
ule and the temperature increase is 300°F.

Recommendations

1. Operation of the diversion sequence should be automatic in order to
prevent flow reversal in the failed engine.

2. The rotor loading should be reduced in order to reestablish the rotor
efficiency and reduce the gas generator temperatures T53.

3. The diverter valve and tip nozzle should be prime reliable due to the
serious results of failure.

SYSTEM FAILURE ANALYSIS

General

The T64 multi-gas generator with a common duct requires two new control
subsystems. The failure of each of these is considered separately.

Acceleration Control

The acceleration control has possibilities of inadvertent limiting or failing
to limit in spite of component design which may reduce failure possibilities
to an acceptable level.

Inadvertent reduction of fuel flow may delay acceleration of one or more
engines and defeat roll-back protection. The effect upon acceleration
time is inconsequential with respect to airframe requirements.

If roll-back occurs, normal operation can quickly be obtained by simple
pilot corrective action. The rolled-back engine will be readily identified
by relative<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>